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ABSTRACT

WATANABE, D., T. YOSHIDA, Y. WATANABE, Y. YAMADA, M. MIYACHI, and M. KIMURA. Dose—Response Relationships between
Objectively Measured Daily Steps and Mortality among Frail and Nonfrail Older Adults. Med. Sci. Sports Exerc., Vol. 55, No. 6, pp. 1044—1053,
2023. Purpose: Whether the association between objectively assessed physical activity and mortality differs between adults with versus those
without frailty is unclear. We investigated this association in community-dwelling older adults. Methods: This prospective study used the data
of 4165 older adults 65 yr or older from the Kyoto—Kameoka study in Japan who wore a triaxial accelerometer (EW-NKS52). The number of
steps was classified by quartiles using the average daily value of data obtained from the accelerometer across four or more days. Frailty was
evaluated using the validated Kihon Checklist. We evaluated the association between mortality and daily steps using a multivariable Cox pro-
portional hazards analysis and restricted spline model. Results: The average daily steps for the first, second, third, and fourth quartiles were
1786, 3030, 4452, and 7502, respectively. In total, 113 deaths were recorded during a median follow-up of 3.38 yr (14,061 person-years). After
adjusting for confounders, the top quartile was associated with a lower hazard ratio (HR) for mortality than the bottom quartile (HR = 0.39, 95%
confidence interval = 0.18-0.85). In a stratified model by frailty status, the daily step count dose-response curve at which the HR for mortality
plateaued among nonftail individuals was approximately 5000-7000 steps per day. By contrast, the daily step count showed an inverse re-
lationship with mortality at approximately 5000 steps or more per day in frail individuals. Conclusions: The relationship between daily
steps and mortality is different between those with and those without frailty, and people with frailty may require more daily steps than
those with nonfrailty to achieve the inverse relationship with mortality. These findings may be useful for informing future physical activity
guidelines. Key Words: DAILY STEP COUNT, PHYSICAL ACTIVITY, FRAILTY, ALL-CAUSE MORTALITY, SPLINE MODEL,
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railty is a condition in which the integrity of multiple

physiological systems is impaired due to a loss of healthy

equilibrium caused by stress responses associated with
multidimensional risk factors such as physical, cognitive,
and psychosocial abilities (1,2). A meta-analysis comprising
adults older than 50 yr in 62 countries and territories reported
a frailty rate of 12%—-24% (3), demonstrating a strong associ-
ation between frailty and adult mortality (4,5). Therefore, it is
important to provide evidence of proper care for older adults
with frailty at high risk of mortality.

Inadequate physical activity is a major correctable cause of
adverse health effects (6,7), and its prevalence has been in-
creasing over time in high-income countries (8). Deaths as-
sociated with lower physical activity contribute to an economic
burden of approximately $13 billion due to productivity loss
worldwide (7). Because the daily step count is a simple objec-
tive measure of physical activity that anyone can easily
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understand, it is an effective tool for setting physical activity
goals and motivating individuals to increase physical activity
(9,10). Daily step counts have been shown to vary greatly
across 111 countries and territories (11). Furthermore, step
count distribution differs depending on age, sex (11,12), and
frailty status (12). Therefore, to extend life span, it is necessary
to set daily step count goals that frail and nonfrail individuals
can achieve every day.

Several prospective cohort studies have reported an inverse
association between step count and mortality (13-20). A pre-
vious study reported that engaging in sports/recreation 1-2
times per week is inversely associated with mortality in seden-
tary men who have no risk factors such as smoking, over-
weight, history of hypertension, and hypercholesterolemia,
whereas men with these high-risk factors required more phys-
ical activity (21). However, it is unclear whether the associa-
tion between objectively assessed physical activity and mor-
tality in older adults differs between those with versus those
without frailty. An investigation in this regard may provide es-
sential findings for setting targets and developing public poli-
cies on step counts for sedentary older adults, particularly frail
individuals (12). This study aimed to evaluate the dose-dependent
relationship between step count and all-cause mortality in a
community-based longitudinal cohort study of older adults
with and without frailty. Given that frailty in older adults is
closely associated with mortality (4,5), we hypothesized that
those with frailty require a higher daily step count to achieve
an inverse association with mortality than those without frailty
with reference to a previous study (21).

METHODS

Study population and assessment of baseline char-
acteristics. The Kyoto—Kameoka study is a population-based
prospective cohort study of older adults 65 yr or older living in
Kameoka, Kyoto, Japan. Details of the study are explained else-
where (5,12,22-26). Briefly, after the first baseline survey, the
Health and Nutrition Status Survey (pretrial [second] survey)
was conducted by postal mail in the district on February 14,
2012, obtaining responses from 8370 residents (response
rate = 69.8%; Fig. 1). Of these, residents who were assigned
to the comprehensive geriatric intervention program as part of
the Kyoto—Kameoka cluster randomized controlled trial
(n = 524), residents who could not be identified (» = 30), and
those who moved out of the city or died (n = 282) were ex-
cluded. Accelerometers were distributed to the remaining
7534 people from April to November 2013 (third survey). A
step count measurement was performed on 4368 people (re-
sponse rate = 57.9%) for at least 1 d. This research protocol
was approved by the Institutional Review Boards of the following
institutions: the National Institutes of Biomedical Innovation,
Health and Nutrition (NIBIOHN-76-2); Kyoto University of Ad-
vanced Science (No. 20-1); and Kyoto Prefectural University of
Medicine (RBMR-E-363). All participants provided informed con-
sent when responding to the mail survey. For reporting this study,

we followed the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines (27).

From the participants included at baseline (n = 4368), we
excluded individuals with missing data on the step count, as mea-
sured by not having appropriate accelerometer use (n =200) (12),
and those with an unknown date of moving away from the
community (n = 3). Ultimately, 4165 participants were included
in this study.

Assessment of daily steps counts. We measured the
number of steps as an objective physical activity index using
a triaxial accelerometer (EW-NKS52; Panasonic Co., Ltd,
Osaka, Japan), the details of which are described in a previous
study (12). From April 1 to November 15, 2013, we mailed
residents an accelerometer and printed material describing
how to use it and asked them to wear it for 10 d or more. Par-
ticipants were instructed to wear the accelerometer on their
waists from when they woke up to when they went to bed,
but not when sleeping, bathing, and swimming; except for
this, they were asked to continue with their routine tasks as
usual. The daily step count was determined using the manufac-
turer’s step algorithm. Because we could not obtain the wear
time of the accelerometer, we excluded from analysis any data
points lower than the 1st percentile (499 steps for males and
653 for females) of step counts in older adults 60—69 yr old
as reported in the National Health and Nutrition Surveys
Japan (NHNS-J) (28) to eliminate individuals with lower ad-
herence to wear time of the accelerometer (12). To calculate
the daily step count, we summed the steps surveyed during
four or more days (including one holiday day) and divided this
by the number of adhered days to obtain the average daily step
count. Individual male and female measurements estimated
based on a 4-d step survey had a correlation coefficient (7) of
0.90 with respect to the “true” average step count, suggesting
that a 4-d accelerometer study was sufficient to reflect the in-
dividuals’ habitual step counts (12).

Definition of frailty. Frailty was assessed using a vali-
dated, self-administered Kihon Checklist (KCL), which con-
sists of 25 question items (5,24). The KCL evaluates frailty
from multiple aspects, including physical, social, and cogni-
tive factors (comprehensive frailty). Frailty was defined as
having at least seven positives in the 25-item list (5,24). A pro-
spective cohort study has shown that KCL scores are associ-
ated with the risk of death in older adults during the 5-yr study
period (5).

Outcomes. The life status of the participants during the
follow-up period, current to November 30, 2016, was evalu-
ated using the information in the Basic Resident Register man-
aged by the Kameoka City Hall. Residents whose records
were administratively removed or who moved out of the mu-
nicipality were censored (20 individuals [36 person-years] of
4165 individuals [14,061 person-years]).

Statistical analysis. We needed 3658 participants to esti-
mate the “true” mean step count of the group within a 95%
confidence interval (CI) and error margin of 2.5% (12). Using
“power cox” in STATA, we estimated that a sample size of
138 would have 80% power (1 — beta error) with a level of
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Source population: n = 19,424

All residents aged >65 years in Kameoka City as of July 1, 2011

Excluded: n =1193
— * Certification of long-term care level >3 (n = 1,170)
* Dead or living outside between July 1 to July 28, 2011 (n =23)

Baseline survey: n = 18,231

The Needs in the Sphere of Daily Life survey on July 29, 2011

Response: n = 13,294 (72.9%)

Excluded: n = 1309
] * Certification of LTC or support level 1 or 2 (n = 1,240)
* Dead between July 29, 2011 to February 13, 2012 (n = 69)

Second survey: n = 11,985

The Needs in the Sphere of Daily Life survey on February 14, 2012

Response: n = 8,370 (69.8%)

Excluded: n = 836
* Residents of areas assigned to a comprehensive geriatric
— intervention program by a cluster RCT (n = 524)
* Persons whose identity could not be ascertained (n = 30)
* Residents who were dead or living outside (n = 282)

Third survey: n = 7,534

Accelerometers were distributed from April to November 2013

Response: n = 4,368 (57.9%)

Excluded: n =203
— * Step count data for at least 4 days were not obtained (n = 200)
+ Could not obtained the data for moved out of the city (n = 3)

Analysis: n = 4,165

FIGURE 1—Participant flow diagram for the analysis of daily step counts and mortality in the Kyoto—-Kameoka study. RCT, randomized controlled trial,

LTC, long-term care.

significance of 5% to detect a 38% difference in the hazard ra-
tios (HR) of mortality when comparing the second and the first
quartiles of daily step counts according to previous studies in
older adults 60 yr or older (13). Therefore, the sample avail-
able for this study was sufficiently large.

Daily step counts were classified into four groups by quar-
tiles. Descriptive statistics for continuous and categorical vari-
ables are shown as means and standard deviations and numbers
and percentages, respectively. Where information pertaining to
body mass index (n = 6; 0.1%), family structure (n = 269;
6.5%), socioeconomic status (n = 170; 4.1%), education attain-
ment (n = 405; 9.7%), smoking status (n = 150; 3.6%), alcohol
use (n = 124; 3.0%), denture use (n = 107; 2.6%), medications

(n=285; 6.8%), or frailty status (n = 493; 11.8%) was missing,
these covariates were complemented from five data sets created
by the multiple imputation method using the Multivariate Im-
putation by Chained Equation package of R (29) to prevent a
systematic error appearing due to selection bias. All missing
values were assumed missing at random.

The rate of all-cause mortality for each daily step count
quartile is shown as the number of events per 1000 person-
years. We used a multivariable Cox proportional hazards
model that included baseline covariates to adjust for confound-
ing factors associated with step count and all-cause mortality.
The assumption for the Cox proportional hazards models was
confirmed using the Schoenfeld residuals test (P = 0.138).
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Multivariable analysis was verified using two models. Model
1 adjusted for age (continuous), sex (female or male), popula-
tion density (>1000 or <1000 people per km?), and the step
count assessment season (spring, summer, or autumn). Model
2 adjusted for all variables in model 1 and body mass index
(continuous), smoking status (never smoked, past smoker, or
current smoker), alcohol drinking (yes or no), living alone
(yes or no), educational attainment (<9, 10-12, or >13 yr),
socioeconomic status (high or low), denture use (yes or no),
medication use (continuous), number of chronic diseases
(continuous), and frailty (yes or no). These adjustment factors
were determined after referencing previous studies (13-20).
Health-related information, including medical history, socio-
economic status, smoking, and alcohol consumption, was ex-
tracted from the first and second (pretrial) surveys (Fig. 1).
The results of these analyses are presented as HR and 95%
CI. HR values were calculated using the first quartile as a ref-
erence. The P value of the linear trend was calculated by
treating the step count exposure variable as a continuous var-
iable. These analyses were also performed after stratifying
by the frailty status. The HR and the 95% CI values for mor-
tality per 1000 steps per day categories were calculated using
those with less than 1000 steps per day as a reference (14). HR
and corresponding 95% CI were estimated for a 1000 steps per
day increase in daily step count stratified by approximately
5000 steps (<5000 or >5000) in total and in nonfrail individ-
uals and approximately 2500 steps (<2500 or >2500) in frail
individuals (12) because the curvilinear relationship between
daily step count or total physical activity and mortality is also
well-documented within the literature (13). For the sensitivity
analysis, we used the following two methods: 1) to avoid the
possibility of a reversed causal relationship, death events in
the first 1 yr of the follow-up study (12 men) were excluded
from the analysis, and 2) a similar analysis was performed
using a case data set that did not contain missing values (30).

We estimated the propensity scores for assignment into the
daily step count quartiles using a multivariable logistic re-
gression model that included the variables in model 2 and
created multivariable-adjusted Kaplan—Meier survival curves
using inverse probability weighting methods. We also created
Nelson—Aalen cumulative hazard curves for mortality ac-
cording to quartiles of daily step count using age as the time
scale (22). Further, we used a restricted cubic spline model
with three knots (5th, 50th, and 95th percentiles) based on
the distribution of steps to evaluate the curvilinearity of the re-
lationship between the step counts and the all-cause mortality
(5,12,14,22,23). These results are presented as HR and 95%
CI, with the HR calculated using the average value of the
first step count quartile as the reference value. Because the
data were sparse, we truncated the analysis at 12,000 steps
per day (99% of the distribution) (14,22). Statistical signifi-
cance of nonlinearity was assessed using a Wald test, com-
paring the likelihood ratio of the spline model with the linear
model, and P values of <0.05 were regarded as indicating a
statistically significant nonlinear relationship between the
exposure and the outcome.

A two-tailed probability of less than 5% was considered sig-
nificant for all statistical analyses. Statistical analysis was per-
formed using STATA MP, Version 15.0 (StataCorp LP, Col-
lege Station, TX, USA) and R software 3.4.3 (R Core Team,
Vienna, Austria).

RESULTS

Participant characteristics. Table 1 shows the partici-
pant characteristics by the daily step count quartiles in the ana-
lyzed cohort. The mean daily step count (standard deviation) for
the entire population was 4192 (2395). The higher the number
of steps, the larger the number of people not taking medication,
drinking alcohol, and males. These participants were younger,
had fewer diseases, and fewer were frail. Furthermore, this
study included fewer participants with frailty and fewer mor-
tality events than in the baseline (pretrial) survey (Supplemen-
tal Table 1, Supplemental Digital Content, Characteristics of
participants with baseline and additional surveys and acceler-
ometer study in the Kyoto—Kameoka Study, http://links.lww.
com/MSS/C795).

Step counts and mortality. Table 2 and Figure 2A show
the relationship between the number of daily steps and the
all-cause mortality. The median follow-up period for all partic-
ipants was 3.38 yr (interquartile range = 3.28 to 3.53). In total,
113 people (2.7%) died during the follow-up period (14,061
person-years). After adjusting for confounding factors, an in-
verse association was observed between the number of daily
steps and the all-cause mortality (Q1: reference; Q2: HR =0.84
[95% CI=0.53-1.32]; Q3: HR = 0.57 [95% CI = 0.31-1.03];
Q4: HR =0.39 [95% CI=0.18-0.85]). The Nelson—Aalen cu-
mulative hazard curves using age as the time scale were simi-
lar to these results and showed an association between higher
mortality and the first step count quartile (Fig. 2B). The HR
values (95% CI) for all-cause mortality when the number of
daily steps increased by 1000 were 0.77 (95% CI = 0.56-0.98)
and 1.04 (95% CI=0.68-1.40) in participants with fewer than
5000 steps and those with 5000 steps or more, respectively.
Similar results were obtained in the sensitivity analysis (Sup-
plemental Tables 2 and 3, Supplemental Digital Content, Re-
sults of sensitivity analysis for the relationship between
all-cause mortality and daily step count using complete case
data; and Results of sensitivity analysis for the relationship be-
tween all-cause mortality and daily step count after excluding
participants with an event in the first one year of follow-up,
http:/links.lww.com/MSS/C795) and age- and sex-stratified
analysis (Supplemental Table 4, Supplemental Digital Con-
tent, Hazard ratios for daily step counts and all-cause mortality
calculated using age- and sex-stratified multivariable Cox pro-
portional hazards analysis, http:/links.lww.com/MSS/C795).
Figure 3A shows the dose—response relationship between num-
ber of daily steps and mortality using the restricted cubic spline
model. The first daily step count quartile (1786 steps per day)
was used as the standard. The daily step count at which the HR
for mortality plateaued among the total participants was approx-
imately 50007000 steps per day (P for nonlinearity = 0.019).
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TABLE 1. Baseline characteristics of the study participants by quartile of daily step count.

Quartile of the Daily Step Count
Total (n = 4165) Q1 (n=1042) Q2 (n=1040) Q3 (n=1042) Q4 (n=1041)

Age (yr)? 723+54 747 £6.1 726 £53 71447 704 £43
Women, 71 (%)° 2028 (48.7) 544 (52.2) 564 (54.2) 526 (50.5) 394 (37.8)
PD >1000 people per km?, n (%)” 2037 (48.9) 517 (49.6) 535 (51.4) 513 (49.2) 472 (45.3)
Body mass index (kg-m2)2 22.7+32 22.8+36 228+35 226+29 224+26
Current smoke, 1 (%)? 422 (10.1) 127 (12.2) 94 (9.0) 104 (10.0) 97 (9.3)
Alcohol drinker, n (%)” 2892 (69.4) 680 (65.3) 679 (65.3) 734 (70.4) 799 (76.8)
Living alone, n (%)® 481 (11.5) 121 (11.6) 134 (12.9) 131 (12.6) 95 (9.1)
Education >13 yr, n (%)° 989 (23.7) 215 (20.6) 234 (22.5) 248 (23.8) 292 (28.0)
HSES, 1 (%)? 1469 (35.3) 342 (32.8) 388 (37.3) 367 (35.2) 372 (35.7)
Denture use, n (%)” 2432 (58.4) 650 (62.4) 610 (58.7) 614 (58.9) 558 (53.6)
No medication, n (%)° 1020 (24.5) 209 (20.1) 223 (21.4) 265 (25.4) 323 (31.0)
Hypertension, n (%)? 1506 (36.2) 430 (41.3) 367 (35.3) 358 (34.4) 351 (33.7)
Stroke, 1 (%)” 124 (3.0) 32 (3.1) 37 (3.6) 22 (2.1) 33(3.2)
Heart disease, 1 (%)” 464 (11.1) 151 (14.5) 128 (12.3) 85(8.2) 100 (9.6)
Diabetes, 1 (%)” 393 (9.4) 110 (10.6) 90 (8.7) 90 (8.6) 103 (9.9)
Hyperlipidemia, n (%)? 450 (10.8) 107 (10.3) 133 (12.8) 122 (11.7) 88 (8.5)
Digestive disease, 11 (%)” 353 (8.5) 106 (10.2) 91 (8.8) 88 (8.4) 68 (6.5)
Respiratory disease, 11 (%)” 172 (4.1) 59 (5.7) 45 (4.3) 37 (3.6) 31(3.0)
Urological diseases, 1 (%)? 274 (6.6) 72 (6.9) 62 (6.0) 57 (5.5) 83 (8.0)
Cancer, n (%)° 120 (2.9) 40 (3.8) 35 (3.4) 29 (2.8) 16 (1.5)
No. of chronic diseases®® 0.93+0.95 1.06 + 1.03 0.95+0.95 0.85+0.91 0.84 + 0.91
Frailty, n (%)® 1029 (24.7) 371 (35.6) 266 (25.6) 225 (21.6) 167 (16.0)
Daily step count (steps per day)” 4192 + 2395 1786 + 418 3030 + 352 4452 + 492 7502 + 2061

Missing values were supplemented using the multivariate imputation method: body mass index (1= 6; 0.1%), family structure (n=269; 6.5%), socioeconomic status (n=170; 4.1%), education
attainment (n=405; 9.7%), smoking status (1= 150; 3.6%), alcohol drinker (n=124; 3.0%), denture use (n=107; 2.6%), medications (n=285; 6.8%), and frailty status (7=493; 11.8%). Body
mass index was calculated as body weight (kg) divided by height squared (mz). Q1 to Q4 consist of daily step counts of <2433, 2433-3639, 3641-5350, and >5357 steps, respectively.

Continuous values are shown as mean = SD.
BCategorical values are shown as number (percentage).

“From the data obtained on disease status (including the presence of hypertension, stroke, heart disease, diabetes, hyperlipidemia, digestive disease, respiratory disease, urological diseases, and
cancer), the comorbidity scores were summed to obtain a total score ranging from 0 (no comorbidity) to 9 (poor status).

Q, quartiles; PD, population density; HSES, high socioeconomic status.

This spline analysis model fitted the data well compared with
the linear regression analysis (Akaike Information Criterion;
1661 vs 1666).

Stratified model by the state of frailty. Table 3 shows
the relationship between step counts and mortality in individ-
uals with and without frailty. The prevalence of frailty in this
population was 24.7% (95% CI = 23.4 to 26.0). The
multivariable-adjusted HR values (95% CI) of mortality for a

1000 steps per day increment were 0.28 (95% CI=0.07-0.97)
and 0.68 (95% CI = 0.40-0.96) in frail individuals with 2500
steps or more and nonfrail individuals with fewer than 5000
steps, respectively. These results showed significant differ-
ences for frailty status (P = 0.048), which means more pro-
nounced results in frail individuals with a higher step count
and nonfrail individuals with a lower step count. Similar re-
sults were obtained in the spline models; the daily step count

TABLE 2. Multivariable cox proportional hazard model of the mortality risk according to daily step counts.

Event/1000 PY Model 17 Model 2°
Step Counts n Event PY Rate (95% CI) HR (95% CI) HR (95% CI)
Quartile (mean)
Q1 (1786 steps) 1042 60 3447 17 4 (13.5-22.4) 1.00 (Ref) 1.00 (Ref)
Q2 (3030 steps) 1040 30 3502 6 (6.0-12.3) 0.83 (0.53-1.30) 0.84 (0.53-1.32)
Q3 (4452 steps) 1042 15 3544 4 2 (2.6-7.0) 0.55 (0.31-0.99) 0.57 (0.31-1.03)
Q4 (7502 steps) 1041 8 3568 2.2 (1.1-4.5) 0.35 (0.16-0.76) 0.39 (0.18-0.85)
1000 step units
<1000 40 6 123 48.8 (21.9-108.6) 1.00 (Ref) 1.00 (Ref)
1000-1999 618 42 2022 20.8 (15.3-28.1) 0.75 (0.32-1.78) 0.80 (0.33-1.90)
2000-2999 895 32 2985 10 7 (7.6-15.2) 0.61 (0.25-1.47) 0.63 (0.26-1.54)
3000-3999 787 16 2629 1(3.7-9.9) 0.47 (0.18-1.24) 0.51 (0.19-1.35)
40004999 625 7 2112 3 3 (1.6-7.0) 0.30 (0.10-0.91) 0.33 (0.11-1.01)
5000-5999 443 5 1518 3.3 (1.4-79) 0.29 (0.09-0.98) 0.31 (0.09-1.06)
>6000 297 5 2672 1.9 (0.8-4.5) 0.20 (0.06-0.69) 0.23 (0.07-0.81)
Pfor trend® 0.001 0.003
1000 steps increment
Total 4165 0.79 (0.66-0.92) 0.81 (0.68-0.94)
<5000 steps 2943 0.74 (0.54-0.95) 0.77 (0.56-0.98)
>5000 steps 1222 1.05 (0.72-1.38) 1.04 (0.68-1.40)
Q1 through Q4 include daily step counts of <2437, 2437-3653, 3654-5378, and >5379 steps, respectively, in total participants. The step counts are expressed as quartiles (mean values).

“Model 1: adjusted for age, sex, population density, and season of wear.

bModel 2: adjusted for model 1 and body mass index, smoking status, alcohol consumption status, family structure, educational attainment, economic status, denture use, medication use,

number of chronic diseases, and frailty status.

“Linear trend P values were calculated using the likelihood ratio test and a continuous variable of daily step counts.

PY, person-years; Q, quartile; Ref, reference.
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FIGURE 2—Survival analysis for all-cause mortality according to daily step counts among older adults. A, Multivariable-adjusted Kaplan—Meier survival
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at which the HR for mortality plateaued among nonfrail indi-
viduals was approximately 5000—-7000 steps per day, whereas
the daily step count showed an inverse relationship with mor-
tality at approximately 5000 steps or more per day in frail in-
dividuals (Figs. 3B and 3C).

DISCUSSION

Main findings. The daily step count dose-response curve
at which the HR for mortality plateaued among nonfrail indi-
viduals was approximately 5000-7000 steps per day. By con-
trast, the daily step count showed an inverse relationship with
mortality at approximately 5000 steps or more per day in frail
individuals. To the best of our knowledge, this was the first
study demonstrating that the association between objectively
assessed physical activity and mortality in older adults differs
between those with versus those without frailty.

Comparison with previous studies. Several studies
have shown an inverse association between step counts and
mortality (13-20). A pooled analysis of 47,471 adults from
15 international cohorts indicated that daily step count showed
a strong inverse dose-dependent association with mortality up
to approximately 8000—10,000 steps per day in individuals
younger than 60 yr, but no significant differences were ob-
served thereafter (L-shaped relationship) (13). However, the
daily step counts showed a strong inverse relationship with
mortality up to about 6000-8000 steps in those older than
60 yr, and then a weak, dose-dependent, inverse relationship
up to about 16,000 steps (13). Our results are consistent with
the results of these previous studies. Data from our dose—
response curves and previous studies showed that daily step
count and mortality were strongly inversely associated, especially
in individuals with low step counts. These findings suggest that
increasing the number of steps might particularly benefit older
adults with numerous sedentary behaviors including low daily
step counts.

A previous study observed that those most physically active
based on self-reports (>10,000 MET-min-wk ') had a high mor-
tality rate (31). However, like in previous studies (13,14,19,20),
this tendency was not observed in the relationship between the
objectively evaluated daily step count and mortality in this study.
Because step count can differ by 20% or more between devices
(for example, a difference of about 1000 steps per day for a value
of 5000 steps per day), care must be taken when interpreting
absolute step count values (32). However, the step counts
measured by these devices have a high correlation coefficient
between devices (r > 0.80) (32). Similar results were reported
by a study that compared the steps measured by 13 selected
consumer-based and research-grade wearable devices in young
and middle-age Japanese individuals (33). Therefore, mea-
surement error should be considered when extrapolating our
and previous studies’ results.

Differences between those with and without
frailty. Our findings showed that people with frailty may re-
quire more daily steps to achieve an inverse association with
mortality than those without frailty. Similar results have been
observed in a previous study that compared American men
with and without risk factors such as smoking, overweight,
and history of disease (21). A previous study also reported that
physical activity (inactive or active) assessed using a single
self-reported question was inversely associated with mortality
in frail, prefrail, and robust people, which is consistent with
our results (34). However, this previous study could not eval-
uate the dose—response relationship between physical activity
and mortality in individuals with and without frailty because
physical activity was evaluated from a single question and di-
vided into two groups (34). Self-reported physical activity as-
sessment can lead to increases in systematic reporting biases
because the participants modify their responses in the desired
direction independently of actual behavior change (35). There-
fore, further well-designed prospective cohort studies are
needed to evaluate the differences in the association between
objectively assessed physical activity and mortality in older
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FIGURE 3—Restricted cubic spline regression model between daily step count and risk of mortality. Solid lines represent HR, dashed lines represent 95%
CI, and the HR based on 1786 steps per day in the total participants (n = 4124, P for nonlinearity = 0.019) (A), 1514 steps per day in frail individuals
(n =1022, P for nonlinearity = 0.021) (B), and 1922 steps per day in nonfrail individuals (» = 3102, P for nonlinearity = 0.012) (C) as the reference (mean
step counts for the first quartile value) were calculated. We estimated that P < 0.05 when the 95% CI of the HR did not exceed 1.00, and P > (.05 when the
95% CI of the HR exceeded 1.00. The adjustment factors were age, sex, population density, season of wear, body mass index, smoking status, alcohol con-
sumption status, family structure, educational attainment, economic status, denture use, medication use, number of chronic diseases, and frailty status.

adults with versus without frailty. Quantifying the dose—response
relationship between daily steps and mortality stratified by those
with and without frailty may be useful for informing future
physical activity guidelines.

Mechanism. The detailed mechanism by which physical
activity is inversely associated with mortality remains unclear,
but several previous studies suggested two possible reasons.
First, step count was inversely associated with the risk of dia-
betes (36), cardiovascular disease (36-38), and fractures (38).
In fact, the World Health Organization 2020 guidelines for
physical activity and sitting behavior (39) showed that physi-
cal activity in older adults improved health outcomes and
helped prevent functional decline. Interrupting sedentary be-
havior with low-intensity walking has been demonstrated to
improve the adverse effects of sitting on superficial femoral ar-
tery endothelial function (40). Our data supported these previ-
ous reports by showing that those with higher step counts had
a lower mortality risk. Second, the number of steps is inversely
associated with the maintenance of skeletal muscle mass and
the proportion of frailty. We reported that the number of steps
was inversely associated with the proportion of individuals
with frailty (12). Higher step counts might be associated with
improvements in the frailty status, which was associated with

higher mortality risk. A mail-based walking intervention study
showed that the walking intervention group had higher levels
of serum dehydroepiandrosterone and insulin-like growth fac-
tor as anabolic hormones and skeletal muscle mass than the
control group (41), and these studies may support our findings.
Because our study could not prove why frail individuals need
more physical activity to achieve an inverse association with
mortality than nonfrail individuals, a detailed evaluation of
these relationships through intervention studies and basic re-
search is necessary.

Perspective. It is important to set achievable goals to im-
prove the physical activity of older adults (9,10). A typical tar-
get daily step count in software programs for wearable devices
and smartphones is 10,000 steps. Although this common goal
can be traced back to Japanese walking clubs and a business
slogan about 60 yr ago, it is not evidence based (14,42). The
distribution of our step count data suggests that this target is dif-
ficult for older adults to achieve. An effort called “+10” in
Japan encourages individuals to add 10 min-d™' of moderate—
vigorous physical activity, as this exceeds 3 METs or more
and can be performed in their daily lives (43). This is also rec-
ommended by the Japanese official physical activity guide-
lines for health promotion (44). A meta-analysis of 26 cohort
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TABLE 3. HR for daily step counts and all-cause mortality calculated using the multivariable Cox proportional hazards model in frail and nonfrail individuals.

Event/1000 PY Model 17 Model 2°
Step Counts n Event PY Rate (95% CI) HR (95% CI) HR (95% CI)
Frailty
1 (1514 steps) 257 21 847 4.8 (16.2-38.0) 1.00 (Ref) 1.00 (Ref)
Q2 (2484 steps) 257 14 859 6.3 (9.7-27.5) 0.94 (0.47-1.87) 0.86 (0.42-1.74)
3 (3704 steps) 257 8 870 9.2 (4.6-18.4) 0.65 (0.28-1.52) 0.64 (0.27-1.52)
Q4 (6434 steps) 258 1 885 1.1 (0.2-8.0) 0.10 (0.01-0.78) 0.10 (0.01-0.73)
Pfor trend® 0.011 0.010
1000 steps increment
Total 1029 0.66 (0.41-0.92) 0.65 (0.39-0.92)
<2500 steps 387 1.02 (0.17-1.87) 1.05 (0.19-1.92)
>2500 steps 642 0.26 (0.06-0.93) 0.28 (0.07-0.97)
Nonfrailty
Q1 (1922 steps) 784 37 2598 14 2(10.3-19.7) 1.00 (Ref) 1.00 (Ref)
Q2 (3232 steps) 784 15 2650 7 (3.4-9.4) 0.71 (0.38-1.32) 0.75 (0.40-1.40)
Q3 (4692 steps) 784 10 2667 3 7 (2.0-7.0) 0.55 (0.27-1.13) 0.58 (0.28-1.21)
Q4 (7785 steps) 784 7 2684 2.6 (1.2-5.5) 0.51 (0.22-1.21) 0.59 (0.25-1.41)
Pfor trend® 0.027 0.057
1000 steps increment
Total 3136 0.83 (0.68-0.98) 0.86 (0.71-1.00)
<5000 steps 2115 0.66 (0.38-0.94) 0.68 (0.40-0.96)
>5000 steps 1021 1.07 (0.73-1.40) 1.04 (0.68-1.40)
Pfor between groups 0.045 0.048

Q1 through Q4 include daily step counts of <2027, 2028-3019, 30214473, and >4474 steps, respectively, in frail individuals and <2620, 2621-3892, 3893-5640, and >5642 steps, respec-

tively, in nonfrail individuals. The step counts are expressed as quartiles (mean values).
“Model 1: adjusted for age, sex, population density, and season of wear.

5Model 2: adjusted for model 1 and body mass index, smoking status, alcohol consumption status, family structure, educational attainment, economic status, denture use, medication use, and

number of chronic diseases.

“Linear trend P values were calculated using the likelihood ratio test and a continuous variable of daily step counts.

PY, person-years; Q, quartile; Ref, reference.

studies showed that “+10” was associated with a 3.2% reduction
in the relative risk of composite outcomes, including death,
lifestyle-related diseases, cancer, and dementia (45). According
to the NHNS-J 2010, 66.8% of those 60—69 yr old and 50.8% of
those 70 yr or older answered that they could increase their
physical activity by 10 min-d™" (46). Therefore, our results
suggest that a “+10” plan that aims to increase the number
of daily steps slightly to improve health status including life
span (about 1000 steps per day) could be an achievable goal
for many older adults.

Strengths and limitations. The strength of this study is
that it examined the relationship between the number of daily
steps measured by an accelerometer and the mortality in a
large cohort of community-dwelling older adults. A previous
study has reported that objective physical activity, assessed
by a device, was more strongly associated with health outcomes
than self-reported measurements (47). Additionally, the sample
size and the number of assessment days for step counts in this
study were sufficient (12), providing strong support for these re-
lationships. However, this study has some methodological lim-
itations. First, it was impossible to ensure the obtained step
count data from the participants were unbiased. The characteris-
tics and mortality risk of those included in this study and those
answering the baseline (pretrial) survey were different (Supple-
mental Table 1, Table, Supplemental Digital Content, http://
links.Iww.com/MSS/C795). In addition, participants may have
been more health conscious than the general population of older
adults when wearing the device. The daily step counts may have
been underestimated by including days of low accelerometer
adherence because we could not obtain the wear time of the
accelerometer. Previous studies used criteria based on the

distribution of step counts to eliminate individuals with lower
adherence to wear time for pedometers (cannot obtain objective
wear time) (28) and wearable devices (36). Despite performing
data cleaning, this study may have introduced a measurement
error. Nevertheless, the average daily step counts estimated
from our study (mean age = 72.3 yr) did not differ significantly
compared with the median step counts in older adults 70-79 yr
old as reported in the NHNS-J in 2016 (28). Second, our study
had a relatively short observation period, explaining the wider
95% Cl in the spline analysis and the small number of mortality
events in those with a high step count (13,18,20). Previous stud-
ies have shown a stronger association between step counts and
mortality in shorter than in longer follow-up studies (13,48).
This is because the HR estimated from the data analysis
might change over time, and the results based on a shorter ob-
servation period might overestimate by confounding as a re-
sult of preexisting conditions or poor health on the relation-
ship between exposure factors and outcomes and invert causal
relationships (48). Furthermore, because data on the cause of
death could not be obtained, it was impossible to examine its
association with the number of daily steps. Third, the step
count measurements were taken only at baseline, and the par-
ticipants’ step count may have changed during the follow-up
period. However, a study of Japanese older adults showed that
the individual step count ranking at baseline was well main-
tained for 8 yr for both males and females (rank correlation coef-
ficient >0.6) (49). This study’s participants may also have had a
stable individual step count ranking during the follow-up period.
Finally, our study adjusted for several confounding factors, but
residual confounders in the association between step count and
all-cause mortality may remain. Therefore, further prospective
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studies with randomly sampled participants and longer-term fol-
low-up are needed to assess the association of step count trajecto-
ries with specific-cause death.

CONCLUSIONS

Our results showed that the relationship between daily step
count and mortality is different between those with and without
frailty, and people with frailty may require more daily steps to
achieve an inverse association with mortality than those without
frailty. Given the recent increase in the degree of frailty in most
adult age-groups in the United States (1), our findings are encour-
aging news to older adults, including many with frailty or a
sedentary lifestyle. These findings may be useful for informing
future physical activity guidelines.
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